In this paper we attempt to face common problems of handwritten documents such as nonparallel text lines in a page, hill and dale writing, slanted and connected characters. Towards this end an integrated system for document image preprocessing is presented. This system consists of the following modules: skew angle estimation and correction, line and word segmentation, slope and slant correction. The skew angle correction, slope correction and slant removing algorithms are based on a novel method that is a combination of the projection profile technique and the Wigner-Ville distribution. Furthermore, the skew angle correction algorithm can cope with pages whose text line skew angles vary, and handle them by areas. Our system can be used as a preprocessing stage to any handwriting character recognition or segmentation system as well as to any writer identification system. It was tested in a wide variety of handwritten document images of unconstrained English and Modern Greek text from about 100 writers. Additionally, combinations of the above algorithms have been used in the framework of the ACCeSS system (European project LE-1 1802, aiming at the automatic processing of application forms of insurance companies) as well as in the processing of GRUHD and IAM-B databases for automating the procedure of extracting data.
Introduction
A major problem of pattern recognition is the Optical Character Recognition (OCR). The OCR systems attempt to facilitate the everyday use of computers aiming at the transformation of large amounts of documents, either printed or handwritten, into electronic form for further processing. Since the early 1960s, numerous systems have been proposed. In contemporary times, the recognition of printed and handprinted isolated characters is performed with accuracy that exceeds 90%. 22 However, the recognition of unconstrained handwriting still remains an open research problem. Typical problems that complicate the automatic recognition of unconstrained handwriting are the nonparallel text lines in a page, the hill and dale writing, as well as the slanted and connected characters. These problems are illustrated in Fig. 1 . methods have been proposed to solve the problem of skew detection [4] [5] [6] [7] [8] [9] [10] [11] . cal reviews regarding these methods can be found in [12] [13] [14] . Although many e approaches are satisfactorily accurate and fast, they are designed to handle nts in general. Consequently, they are not always able to deal with specific arities of a handwritten document, such as the correction of non-parallel text ithin the same page. Nevertheless, Spitz [15] presents a technique able to ultiple skew angles, applied mostly to printed compressed documents. The oposed methods for handwritten or mixed (i.e., handwritten and printed) nts concern specific applications [16] . Chin [17] analyses this problem and nes that the methods that handle printed pages successfully do not manage to handwritten pages that well, or even if they do the computational cost is other hand, the most commonly used method for slant estimation is the tion of the average angle of near-vertical strokes [2, 3, 18 ]. This approach s the detection of the edges of the characters and its accuracy strongly depends non-parallels text lines hill and dale writing Slanted and connected characters Currently, there are two main trends in the recognition of unconstrained handwriting. Some researchers perform character segmentation before the actual character recognition, 6 while others avoid the segmentation stage. 18 Nevertheless, whatever the application and the methodology are, the preprocessing stage, facing the problems mentioned in the previous paragraph, is very important both for character segmentation and character recognition. An insufficient solution of these preprocessing tasks may cause considerable losses of accuracy in any further processing procedure.
Several methods have been proposed to solve the problem of skew detection. 10, 11, 15, 16, 20, 21, 27, 29 Analytical reviews regarding these methods can be found in Refs. 2, 12 and 19 . Although many of these approaches are satisfactorily accurate and fast, they are designed to handle documents in general. Consequently, they are not always able to deal with specific particularities of a handwritten document, such as the correction of nonparallel text lines within the same page. Nevertheless, Spitz 25 presents a technique able to detect multiple skew angles, applied mostly to printed compressed documents. The few proposed methods for handwritten or mixed (i.e. handwritten and printed) documents concern specific applications. 30 Chin 7 analyzes this problem and underlines that the methods that handle printed pages successfully do not manage to handle handwritten pages that well, or even if they do the computational cost is greater.
On the other hand, the most commonly used method for slant estimation is the calculation of the average angle of near-vertical strokes. 5, 6, 18 This approach requires the detection of the edges of the characters and its accuracy strongly depends on the specific characters that compose the word. Shridar 24 presents two more methods
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the proposed system, is given. The modules of the system, mentioned above, are described in detail in sections 3 to 5. Finally, some experimental results and the conclusions drawn by this study are included in sections 6 and 7, respectively. 
WIGNER-VILLE DISTRIBUTION
The for slant estimation and correction. In the first one, the vertical projection profile is used while the second one makes use of the chain code method. However, the evaluation of the slant correction approaches may be subjective since the slants can vary even within a single word. Additionally, in the relevant literature a slant correction procedure is rarely evaluated separately, so that comparative results cannot be given.
In Refs. 23 and 24, two different slope correction methods are proposed. The first makes use of the least-squared error line fit to the bottom profile of the line image and the second attempts to find the baseline of the word in order to correct its skewing angle. In this paper, we present an integrated system, shown in Fig. 2 , for handwritten document image analysis appropriate to be used as a preprocessor for handwritten character recognition systems. In particular, the presented system copes with three problems: (i) Skew estimation and correction of the document image. That is, the angle formed by the horizontal axis of the document image and the text lines. A new method based on the Wigner-Ville distribution of the horizontal projection profile of the document image is proposed. Our approach is capable of localizing the areas of the handwritten document images with different skew angles automatically and handling each of them separately. Moreover, it is fast and accurate. (ii) Line and word segmentation. A variation of an already existing approach described by Shridar and Kimura 24 is followed since it combines ease of implementation and high accuracy results. (iii) Slope and slant correction. The term slope of a word is referred to the angle formed by the horizontal axis of the word and the corresponding text line while the term slant of characters is referred to characters whose vertical strokes are inclined regarding the vertical axis of the word. A similar method with the one used for skew estimation is followed. This approach is based on a simple algorithm and achieves very low response time cost. Moreover, it is not dependent on specific characters.
In the next section a brief presentation of the Wigner-Ville distribution, as it is used in the proposed system, is given. The modules of the system, mentioned above, are described in detail in Secs. 3-5. Finally, some experimental results and the conclusions drawn by this study are included in Secs. 6 and 7, respectively.
Wigner Ville Distribution
The Wigner-Ville (WV) time and frequency distribution, W (t, ω), is a well-known representative of the energy distributions and member of the Cohen's class
where s(t) represents the analytical signal and 1/T the sampling frequency. For a discrete signal s(n) and T = 1, the Wigner-Ville Distribution (WVD) can be expressed as:
Moreover, the horizontal and vertical projection profiles of a black-and-white document image f (x, y) are:
By introducing the above equations in the WVD of a discrete signal, the spacefrequency distribution is expressed as:
The Wigner-Ville function is a particularly popular distribution due to the large amount of desirable mathematical properties it satisfies. 26 Mecklenbrauker 8 proves the uniqueness of the WVD "in the sense that it is that single energy distribution that possesses all the started desirable properties". This justifies the numerous applications of WVD in pattern recognition, 3,9 synthesis, 28 seismic signal, 4 and optics 14 etc. In the case of our application, the superiority of WVD over the other Cohen's class distributions has been proved in Ref. 12 . In more detail, the tests with several distributions, members of the Cohen's class, proved WVD to be the best compromise between computational cost and accuracy.
Document Skew Angle Estimation and Correction
As already mentioned, skew estimation and correction are performed in the first stage of our system by using the projection profile technique and the WVD. Specifically, the maximum intensity of the WVD of the horizontal histogram of a document image is used as the criterion for estimating its skew angle. Moreover, once the dominating skew angle of the entire document page has been detected and it will be later shown. corrected, the areas with different skew angles are localized by the deep and wide valleys of the curve of maximum intensity, and the skew estimation procedure is repeated for each area. The term dominant skew angle, here, is used for the skew angle that is met in a wider scale in the document image, as it will be later shown.
The horizontal histogram of a properly oriented document page presents the maximum peaks and the most intent alternations between peaks and dips than any other histogram-by-angle of the same page. 21, 24 The WVD of the histograms represent their time-frequency distribution, where in this case the time increases according to the height of the page. Consequently, the WVD presents maximum intensity for the histograms of 0
• and 180
• corresponding to the properly-oriented and the reverse one respectively, which contain the major peaks and dips alternations. order to focus on the peaks of the curves we check only the curve values above a threshold. A tenth of the maximum peak was proved to be a good threshold in our experiments over 2000 documents (see §6). The closer the skew angle to 0
• , the larger the values of the maximum intensity. Hence our algorithm is able to detect skew angles varying between −89
• and +89
• in respect to the notional horizontal axis of properly-oriented document. Otherwise, the resultant page would be the reverse one. In Fig. 4 , the horizontal histograms and the corresponding curves of maximum intensity for several skew angles, concerning the document image of Fig. 3 , are shown.
It has to be noted that the calculation of the histograms and the further application of the Wigner-Ville function for every skew angle are not required, since it would imply unnecessary computational complexity and cost. Instead, at the beginning, an initial step (big step) is used for a first estimation, and then a rotation degree by degree is applied within a smaller range.
The big step should be such that the whole area between +89
• and −89
• and only that should be covered. In the opposite case, if the covered area is greater than that of ±89
• , it is possible to end up with the page reversed. On the other hand, if the covered area is smaller than that and the skew angle greater than the covered area, the system will fail to correct the page. Then, in order to cover the whole area between +89
• , we calculated the sum of necessary rotations for various steps, including the rotations by the big step as well as the remaining rotations in the smaller range. The results are illustrated in Fig. 5 . We note that for a big step of 12
• , the number of required rotations is minimized. In order to make use of it, the WVD and its maximum intensity are calculated for each histogram. Thus, a curve of maximum intensity corresponds to each angle. The ig.4: the horizontal histograms and the corresponding curves of maximum tensity for several skew angles concerning the document image of fig.4 . In handwritten documents more than one skew angle are very often met. Most of the proposed approaches handle this case by estimating and correcting the skewing according to the dominant angle without taking the skew angle variations into consideration. Our approach deals with this problem, by processing the page by areas. curve that presents the most maxima throughout the space domain is selected. Moreover, in order to focus on the peaks of the curves we check only the curve values above a threshold. A tenth of the maximum peak was proved to be a good threshold in our experiments over 2000 documents (see Sec. 6).
In handwritten documents more than one skew angle are very often met. Most of the proposed approaches handle this case by estimating and correcting the skewing according to the dominant angle without taking the skew angle variations into consideration. Our approach deals with this problem, by processing the page by areas. Initially, the dominant skew angle, as already mentioned, is calculated and the page is corrected according to that. This correction is essentially in order to proceed to the localization of the areas with different skew angle on the page. The segmentation into areas is performed by taking into account that the change of the angle of successive text lines causes wider valleys than the usual of the histogram which are translated into dips at the curve of maximum intensity of its Wigner-Ville distribution.
In order to localize these dips and use them as boundaries of areas of different skew angle, we follow this procedure:
• The WVDs and the corresponding curves of maximum intensity for an angle range of ± 6
• around the dominant skew angle are calculated. A step of 0.2 • is used.
Step smaller than that proved unnecessarily, since it cannot be detected in handwritten pages.
• The average value of the curves of maximum intensity is calculated.
• A threshold depending on the average value is determined (the 3/4 of the average value of the average curve is a good threshold).
a
• The dips of the average curve of maximum intensity below this threshold define the boundaries of the areas.
• The dominant curve of maximum intensity in each area provides the corresponding skew angle.
The angle of 6
• either way of the document angle was used here in order to cover the omitted area of the initial step. Moreover, the assumption, that the variation in skew angles in handwritten text does not usually exceed that area, has been made here. However, any angle greater than that can be used, if necessary.
In case the text features multiple changes in the line width, the above threshold may divide the page into more than the appropriate areas. Nevertheless, this is not an important shortcoming since each zone will be corrected separately. In Fig. 6 , the document image of Fig. 1 after the skew angle correction is shown.
Line and Word Segmentation

Line segmentation
The horizontal projection profile is most commonly employed for the line segmentation. If the page is skew corrected and the lines well separated, the histogram a Detailed experiments over unconstrained handwritten text from 1000 documents of GRUHD database derived this threshold. Values greater than that failed to localize in some cases all the areas with variation in skew angle while values smaller than that tend to split the text in many areas without variations in skew angle.
will present well-separated peaks and valleys. However, in handwritten documents this method can be problematic because of the hill and dale writing as well as the ascenders and descenders of the characters that very often begin in a line and end up in another. Thus, the valleys of the histogram are not very clear. And a separation algorithm based strictly on this technique would cause the loss of important information (part of lines) and the introducing of noise (portions of ascenders and descenders).
Although problematic, this method can give a good estimation of the number of the lines included in a document page. And this is the information that we extract from the horizontal projection profile of the page. The valleys with minima less than a certain threshold (60 pixels found to be a good threshold, Fig. 7 ) are considered to be likely beginners of line segments. Subsequently the area is examined pixel by pixel until an entire white path is outlined. The area of the valley is examined starting from the left edge of the page. While white pixels are met we continue towards the right edge of the page. When black pixels are met we move up and down looking for alternative paths. The zone of search is limited between the peaks of the histogram of the previous and next possible areas of text lines. In cases that two lines are merged because of long ascenders or descenders the local histogram is calculated and the path goes on passing from the minimum of the histogram. When we reach the right edge a crooked line has been outlined consisting of as much white pixels as possible. In Fig. 8 , the document image of Fig. 1 after the line segmentation is shown.
LINE AND WORD SEGMENTATION
Line Segmentation
The horizontal projection profile is most commonly employed for the line segmentation. If the page is skew corrected and the lines well separated, the histogram will present well-separated peaks and valleys. However, in handwritten documents this method can be problematic because of the hill and dale writing as well as the because of long ascenders or descenders the local histogram is calculated and the path goes on passing from the minimum of the histogram. When we reach the right edge a crooked line has been outlined consisting of as much white pixels as possible. In Fig.8 the document image of fig.1 after the line segmentation is shown. 
Word Segmentation
The vertical projection profile of each text line is employed in order to perform word segmentation. In contrast to the line segmentation, in handwriting the words are almost always well separated. However, the valleys of the histogram cannot be certain word boundaries, since untouched characters can also cause dips. These two cases can be distinguished by examining the width of the valley. In normal handwriting a gap between words is not normally shorter than the mean character width, while a gap in the word is unlikely to be longer than that. By mean width of character, we consider the width of characters such as a, b, c, d, etc. excluding the characters i, l, j, m, w that are either too narrow (i, l), or too wide (m, w). Thus the width of a character is a good criterion for the estimation of the word boundaries. Although the character width differs between characters and writers, a rough estimation of the mean width could be made by accepting that excluding the ascenders and descenders the characters with mean width (as defined above), present width equal to their height. Then by locating the height of the main body of the words, we have an approximate but satisfactory approach of the required threshold. In order to achieve that, we calculated the horizontal projection profile of a part of a text line. Although a part with more than several characters is appropriate, a tenth of the text line was used in our case. The upper and lower parts of the line where the value of the histogram falls under the 1/3 of its peak value (threshold extracted experimentally) are excluded. The remaining height is the required threshold.
The valleys of the vertical projection profile of a text line with width greater than the above threshold are considered to be the boundaries between words. If it is known that the whole document is written by one person this estimation is enough to be carried out just once in a page otherwise it is safer to be done several times. 
The vertical projection profile of each text line is employed in order to perform word segmentation. In contrast to the line segmentation, in handwriting the words are almost always well separated. However, the valleys of the histogram cannot be certain word boundaries, since untouched characters can also cause dips. These two cases can be distinguished by examining the width of the valley. In Fig. 9 , the document image of Fig. 1 after the word segmentation is shown.
Slope and Slant Correction
Slope correction
The skew angle estimation and correction of the document improves the whole document image and facilitates the further processing stages, especially if it handles the page by zones in respect to the different skew angles. However, the problem introduced by the hill and dale writing, still remains since despite the fact that the text lines have been corrected by the dominant angle, skewed words may still exist. As already mentioned our method deals with this problem by using a similar method to the document skew estimation (Sec. 3), based on the horizontal projection profile of the word and the WVD. The idea here is that since the envelope of the histogram is getting smoother when the word tends to be oriented at the vertical position (±90
• ), and presents most peaks at the horizontal position (0
• and 180 • ), the corresponding WVD presents maximum intensity in the latter case. Thus, our algorithm consists of the following steps:
(1) The word image is rotated in the range of ±89
• using a one-degree step. (2) For each angle, the horizontal projection profile as well as the WVD are calculated.
(3) The curve of maximum intensity is extracted from each WVD. (4) The acquired curves are compared and the one with the maximum peak is selected. The corresponding rotation angle is the estimated skew angle of the word.
It has to be noted that this algorithm is not able to handle very short words (i.e. less than four characters) that contain ascenders and/or descenders. In such cases the application of the presented algorithm may cause undesirable slopes. Due to this fact, we apply the threshold used in the word segmentation module in order to filter out words that fall into that category. Thus, the slope correction algorithm is not applied to words that meet the following criteria:
word length < 3 * main body height AN D word height > main body height.
For example, words such as The and by are likely to be filtered out. However, short words are not characterized by large slope angles. In the majority of cases, therefore, the skew correction of the entire text line will probably correct the slope of short words. In Fig. 10 , the document image of Fig. 1 after the slope correction is shown.
For example, words such as The and by are likely to be filtered out. However, short words are not characterized by large slope angles. In the majority of cases, therefore, the skew correction of the entire text line will probably correct the slope of short words. In Fig.10 the document image of fig.1 after the slope correction is shown. Handwritten Document Image Processing 629
Slant removal
The character segmentation, a prerequisite stage in some systems, is a very difficult task of handwriting recognition. However, the slanted characters complicate it even more. On the other hand, even in handwriting recognition systems that do not perform character segmentation, the slanted characters cause various problems. A handwriting recognition system that does not deal with the slanted characters during the preprocessing stage, requires much more data for its training, in order to cover every case of inclined characters. In our system, we cope with this problem by automatically detecting the slant for each word and removing it. The same method as before is also used here, though the vertical projection profile of the word image is now used. A nonslanted word presents clear gaps between its characters, even if the characters are connected. These gaps introduce deep valleys in the vertical histogram of the word, while the characters draw, more or less sharp peaks. Instead, in a slanted word, the inclined characters cover the gaps between the characters and this is interpreted by less deep dips and smoother peaks in the vertical projection profile. The WVD is also used here to detect the projection profile with the most intent alternations. The procedure that is followed is the same as before and the slant that corresponds to the curve of maximum intensity with the greatest peak is selected.
In order to slant a word image to right or left we follow the procedure below. The word image is segmented in equally-wide horizontal zones. The lowest zone is considered to be the base. The zone above the base is shifted one pixel to the right or to the left. The next zone (if exists) is shifted two pixels to the same direction etc. The more the zones, the greater the slant angle. The maximum slant angle corresponds to one-pixel-high zones (i.e. when the amount of zones equals to the height h of the word image in pixels). In this case, the higher zone is shifted by h − 1 pixels and the corresponding slant angle θ is the maximum one and it can be calculated as:
• , since h 1 .
In Fig. 11 , the document image of Fig. 1 after the slant removal is shown.
Experimental Results
The performance of the presented system has been tested on a collection of document images covering different scanning resolutions from 50-300 dpi. In more detail, the test collection comprised roughly 100 unconstrained handwriting documents (mainly student notes), in both English and Modern Greek, b taken from corresponding writers. No special criteria were taken into account as far as it concerns the complexity and difficulty during the selection of those documents. As a result, documents of any length and complexity were included.
Moreover, particular combinations of the presented algorithms have been used in several applications for automatic document image processing. Specifically, the skew angle correction, word segmentation, slope correction and slant removal algorithms were used in the system ACCeSS (European project LE-1 1802) aiming at the automatic processing application forms of insurance companies. The line segmentation, word segmentation, slope correction and slant removal algorithms were applied to GRUHD 13 and IAM-DB 17 databases in order to automate the conversion of the data in a form appropriate for further processing.
The skew angle correction achieves a success rate of 99.4% with a confidence range of ±0.2
• dealing with documents of skew angle ranging from −89
• to +89
• . The response time strongly depends on the document resolution as well as the different skew angles that may be met in the document. However, since the accuracy of this algorithm is resolution-independent as it is shown in Table 2 , we can drastically improve the time cost by transforming each document image into 50 dpi. On the other hand, the proposed technique for estimating the areas with different skew angles in a single document page achieves a success rate of roughly 85%. In Table 2 , some experimental data of skew angle correction are presented.
In general, the line and word segmentation algorithms cope with quite hard cases of high-density text as the example of Fig. 12 , taken from GRUHD database. However, occasionally parts of descenders and ascenders are likely to be attached into an adjacent line, especially when characters of successive text lines are connected. Moreover, the word segmentation algorithm may fail to distinguish consecutive words in the case of extremely slanted characters. The performance of the slope correction and slant segmentation algorithms proved to be satisfactory as well. The former reaches the success rate of 97%, 
CONCLUSIONS
In this paper we presented an integrated system for handwritten image processing appropriate to be used as a preprocessing stage in any character segmentation or character recognition system. The proposed system consists of four main modules, namely skew angle estimation and correction, line and word segmentation, slope correction and slant removing stemming from the implementation of already existing as well as novel algorithms. A well known time-frequency distribution, the WVD, in combination with the projection profile technique is used in order to detect the skew angle, either of page or word images, as well as the slant of the characters. The idea behind these algorithms is that the alterations between peaks and dips of both the horizontal histogram of a properly oriented page/word image and the vertical histogram of a non-slanted word will be the most intent.
According to the requirements of a certain application, either the entire system or specific combinations of its modules can be used. Moreover, since there are no bearing in mind that the short words (as defined in Sec. 5.1) are filtered out, while the latter overcomes the 98.5%. It is worth noting that even in the case of variant slanted characters within the same word, the slant removal algorithm generally improves the word image producing natural resultant images and facilitating the task of either character segmentation or character recognition.
The computational cost is very much dependable on the size of the page as well as of the length of the text on the page. In the above-described experiments the mean computational cost was around 25 secs per page using a Pentium III at 1 GHz. However we consider more interesting the relative computational cost as it is presented in Fig. 13 .
Conclusions
In this paper we presented an integrated system for handwritten image processing appropriate to be used as a preprocessing stage in any character segmentation or character recognition system. The proposed system consists of four main modules, namely skew angle estimation and correction, line and word segmentation, slope correction and slant removing stemming from the implementation of already existing as well as novel algorithms. A well known time-frequency distribution, the WVD, in combination with the projection profile technique is used in order to detect the skew angle, either of page or word images, as well as the slant of the characters. The idea behind these algorithms is that the alterations between peaks and dips of both the horizontal histogram of a properly oriented page/word image and the vertical histogram of a nonslanted word will be the most intent.
According to the requirements of a certain application, either the entire system or specific combinations of its modules can be used. Moreover, since there are no special restrictions regarding the form of exchanging data, any module can be substituted by an already existing module that performs the same or a similar preprocessing task. In past, a similar work has been performed 30 for form-filling applications.
